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ABSTRACT
Aims. The aim of this work is to analyse the radio properties of the massive and dynamical disturbed clusters Abell 1451 and Zwcl
0634.1+4750, especially focusing on the possible presence of diffuse emission.
Methods. We present new GMRT 320 MHz and JVLA 1.5 GHz observations of these two clusters.
Results. We found that both Abell 1451 and Zwcl 0634.1+4750 host a radio halo with a typical spectrum (α ∼ 1 − 1.3). Similarly
to a few other cases reported in the recent literature, these radio halos are significantly fainter in radio luminosity with respect to
the current radio power-mass correlations and they are smaller than classical giant radio halos. These underluminous sources might
contribute to shed light on the complex mechanisms of formation and evolution of radio halos. Furthermore, we detected a candidate
radio relic at large distance from the cluster center in Abell 1451 and a peculiar head tail radio galaxy in Zwcl 0634.1+4750, which
might be interacting with a shock front.
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1. Introduction
Distorted radio galaxies with complex morphologies are often
observed in galaxy clusters (e.g. Willson 1970; Hill & Longair
1971; Wellington et al. 1973; Eilek et al. 1984; O’Dea & Owen
1986; Pinkney et al. 1994; Feretti et al. 2001; Feretti & Vv 2002;
Lane et al. 2002; Giacintucci & Venturi 2009; Mao et al. 2009;
Owen et al. 2014). These spectacular sources are the result of the
interaction between the radio galaxies and the dense surrounding
ICM, which causes the bending of the jets and lobes of the ra-
dio galaxies (Jaffe & Perola 1973; Begelman et al. 1979; Owen
& Rudnick 1976; Miley 1980). In addition, some galaxy clus-
ters host diffuse synchrotron emission associated with relativistic
particles and magnetic fields in the intra cluster medium (ICM).
Depending on their location and morphology, these cluster-scale
radio sources are referred to as radio halos or relics. radio halos
are located at the center of clusters and their morphology roughly
follows the X-ray emission from the thermal ICM. Radio relics
are situated at the periphery of the clusters and they typically
have elongated or arc-like shapes (Feretti et al. 2012). There is
compelling evidence that radio halos and relics are hosted by
dynamically disturbed systems, while clusters with no cluster-
scale radio emission are generally relaxed (Cassano et al. 2010,
2012, 2013; Cuciti et al. 2015; de Gasperin et al. 2014). These
sources suggest that part of the gravitational energy injected in
form of shocks and large scale gas motions is drained into non-
thermal components trough a hierarchy of complex mechanisms
(Brunetti & Jones 2014).
In the current theoretical picture, radio halos form via the
acceleration of relativistic electrons by means of cluster-wide
turbulence injected in the ICM during merging events (Brunetti
et al. 2001; Petrosian 2001). Alternatively, it has been pro-
posed that radio halos are caused by secondary electrons gen-
erated by proton-proton collisions (Dennison 1980; Blasi & Co-
lafrancesco 1999), however the non-detection of galaxy clusters
in the gamma-rays disfavours this possibility (Ackermann et al.
2010, 2014, 2016; Jeltema & Profumo 2011; Brunetti et al. 2012;
Zandanel & Ando 2014; Brunetti et al. 2017). Models based on
the combination of the two mechanisms where secondary elec-
trons are reaccelerated by turbulence have also been proposed
(Brunetti & Blasi 2005; Brunetti & Lazarian 2011; Pinzke et al.
2017; Brunetti et al. 2017).
There is broad consensus that radio relics trace shock fronts
propagating through the ICM (Roettiger et al. 1999; Ensslin et al.
1998; Pinzke et al. 2013; Brüggen et al. 2012; Brunetti & Jones
2014, for reviews). However, the commonly used diffusive shock
acceleration (DSA) model is challenged by the low Mach num-
ber of shocks associated with cluster mergers (M ∼ 1−3). There-
fore the re-acceleration of a population of relativistic electrons
might be required to explain the radio brightness of some relics
(Markevitch et al. 2005; Kang et al. 2012; Vazza & Brüggen
2014; Bonafede et al. 2014; Shimwell et al. 2015; Eckert et al.
2016; Botteon et al. 2016; van Weeren et al. 2016, 2017).
There is a correlation between the radio power of radio halos
and the X-ray luminosity of the hosting clusters, with more pow-
erful radio halos being found in more luminous clusters (Liang
et al. 2000; Bacchi et al. 2003; Cassano et al. 2006; Rudnick &
Lemmerman 2009). Also, galaxy clusters show a bimodal be-
haviour in the radio power–X-ray luminosity diagram: radio ha-
los follow the correlation, while upper limits to the radio power
of clusters without diffuse emission are well below this scaling
relation (Brunetti et al. 2007). A similar correlation has been
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found between the radio power of radio halos and the inte-
grated Sunyaev-Zel’dovich (SZ) effect signal (Basu 2012; Cas-
sano et al. 2013; Martinez Aviles et al. 2016) as well as the bi-
modality of clusters in the radio power-SZ diagram connected
with the dynamical status of the hosting clusters (Cassano et al.
2013). Both the X-ray luminosity and the SZ signal are used as
proxies of the mass of the clusters, but the SZ signal should be
less affected by the dynamical state of the clusters and it is con-
sidered to be a more robust indicator of the cluster mass than the
X-ray luminosity (Motl et al. 2005; Nagai 2006).
A correlation between the radio power of radio relics and the
mass of the host cluster has been recently found, together with
the trend of larger relics to be located at larger distance from the
cluster center (de Gasperin et al. 2014).
Specifically, for radio halos, the radio bimodality of galaxy
clusters and the distribution of clusters in the radio-mass or
radio-Lx diagram can be explained in terms of superposition
of different evolutionary stages of the cluster life, in connection
with their dynamical activity (e.g. Brunetti et al. 2009; Cassano
et al. 2016). In this respect, idealized simulations of -single- two
body merger by Donnert et al. (2013), which include turbulent
re-acceleration of primary electrons, are very instructive. They
show that merger-induced turbulence have the potential to light
up the radio emission, lifting the clusters from the region of the
upper limits in the P1.4GHz−LX diagram up to the region spanned
by the P1.4GHz − LX correlation. Within ∼ 1 − 2 Gyr, the radio
luminosity is expected to decrease and the clusters go back to
the upper limit region. According to these simulations, clusters
are expected to spend ≤ 0.5 Gyr in the region between the corre-
lation and the upper limits, thus this region would result statisti-
cally less populated (Donnert et al. 2013). A complication comes
from the possibility that secondary particles injected by hadronic
collisions may contribute to the cluster-scale radio emission. The
level of this contribution is still not understood, yet. It should be-
come dominant in the cases where turbulent acceleration is not
efficient enough. This leads to the expectation of “off state” ha-
los, produced in less turbulent systems, where the synchrotron
emission is maintained by the continuous injection of secondary
particles generated from proton-proton collisions (e.g. Brunetti
& Lazarian 2011; Cassano et al. 2012).
In this context, we are studying the occurrence of radio ha-
los in a sample of 75 galaxy clusters with M500 & 6 × 1014M
and z = 0.08 − 0.33 selected from the Planck SZ cluster cat-
alogue (Planck Collaboration et al. 2014). First results, based
on a sub-sample of 57 clusters with available radio information,
have been published in Cuciti et al. (2015). We are completing
the analysis of the sample using new GMRT and JVLA data of
all the clusters that lack deep radio observations in order to de-
termine the possible presence of diffuse emission. This work led
to the discovery of a number of cluster-scale radio sources. Here
we present new GMRT and JVLA data of two clusters, ZwCl
0634.1+4750 (Z0634, hereafter) and Abell 1451 (A1451, here-
after), classified as candidate radio halos in Cuciti et al. (2015).
Their properties are listed in Table 1.
Throughout this paper we assume a ΛCDM cosmology with
H0 = 70 km s−1Mpc−1, ΩΛ = 0.7 and Ωm = 0.3. With this
cosmology 1′′ corresponds to a physical scale of 2.953 kpc at
the redshift of Z0634 and to 3.287 kpc at the redshift of A1451.
2. Radio observations and data analysis
We performed the data reduction, both calibration and imag-
ing, with CASA (the Common Astronomy Software Applica-
tions package, McMullin et al. 2007). An overview of the radio
observations presented here is given in Table 2, where we re-
port the name of the clusters, the interferometer and the observ-
ing frequency, the date of the observation, the flux calibrator,
the phase calibrator, the beam and the rms noise achieved in the
images made with the “Briggs” weighting scheme (robust=0).
Throughout the paper, the error ∆S associated with a flux density
measurement S is calculated as:
∆S =
√(
rms ×
√
As
Ab
)2
+ (σc × S )2 (1)
where As is the source area, Ab is the beam area and σc is the
calibration uncertainty. Details about the observations and the
data reduction are discussed in the next subsections.
2.1. GMRT observations
Z0634 and A1451 have been observed with the GMRT at 320
MHz using an observing bandwidth of 32 MHz subdivided into
256 channels (project code: 28_066, P.I. V. Cuciti). The total
time on source for each cluster is ∼5 hours and they have been
observed with a duty cycle of 24 min on target and 6 min on the
phase calibrator. The flux density calibrators have been observed
for ∼ 15 min at the beginning and at the end of the observations.
The flux density scale was set following Scaife & Held (2012).
The bandpass has been corrected using the flux density calibra-
tors. As a first step we obtained amplitude and gain correction for
the primary calibrator in 10 central neighbour channels free of
RFI, these solutions were applied before determining the band-
pass in order to remove possible time variations of the gains dur-
ing the observation. Once we applied the bandpass, gains solu-
tion for all the calibrator sources on the full range of channel
were determined and transferred to the target source. Automatic
removal of RFI was performed with the CASA task flagdata
(mode=rflag). The central 220 channels were averaged to 22
channels each ∼1.3 MHz wide to reduce the size of the dataset
without introducing significant bandwidth smearing within the
primary beam. A number of phase-only self-calibration rounds
was carried out to reduce residual phase variations. Wide field
imaging was implemented to account for the non-coplanarity of
the baselines (wprojection) and wide band imaging (mode=mfs,
nterms=2) was used to consider the frequency dependence of
the sources in the sky. We applied further manual editing to the
data flagging bad self calibration solutions and visually inspect-
ing the residual uv-data. However, a number of bright sources in
the field of view limited the dynamic range of the image, there-
fore we obtained direction dependent amplitude and phase solu-
tions for these sources and then we subtracted them out of the
uv-data. This method is commonly referred to as “peeling” tech-
nique.
We used the “Briggs” weighting scheme with robust=0
throughout the self calibration and we produced final “full reso-
lution” images with beam ∼ 10′′ and rms noise ∼ 0.1 mJy/beam
(see Table 2 for details). We then produced low resolution im-
ages by using different weighting schemes and/or tapering down
the long baselines. Images have been corrected for the primary
beam response. The residual calibration errors (σc in Eq. 2) are
within 10% (e.g. Chandra et al. 2004).
2.2. JVLA observations
We carried out JVLA L-band observations of Z0634 in D ar-
ray and in DnC array of A1451 (project code: 15B-035, P.I.
V. Cuciti). The hybrid configuration DnC was used to obtain a
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Table 1. Clusters properties
Name RA and DEC z∗ DL M∗500 L
∗∗
500[0.1-2.4]kev
(J2000) (Mpc) (1014M) (1044L)
Abell 1451 12 03 16.2 −21 32 12.7 0.199 978.6 7.32 6.61
ZwCl 0634.1+4750 06 38 02.5 +47 47 23.8 0.174 839.6 6.52 4.72
References. (*) Planck Collaboration et al. (2014), (**)Piffaretti et al. (2011)
roundish beam for targets with δ < −15◦ such as A1451. The
total bandwidth, from 1 to 2 GHz, is divided into 16 spectral
windows, each having 64 channels 2 MHz wide. The total time
on source for each cluster is ∼45 min. We observed the phase
calibrators for ∼2 min every ∼20 min. The flux density calibra-
tors have been observed for ∼5 min at the end of the observation.
In addition, these two clusters have been observed with the
JVLA in L-band in B array as part of a project mainly aimed
at studying magnetic fields in galaxy clusters through Faraday
rotation measurements of polarized background sources in the
Planck ESZ galaxy cluster sample (project 15A-270, P.I. R.
van Weeren). The hybrid configuration BnA has been used for
A1451, given its southern declination. Each cluster has been ob-
served for a total of ∼40 min, both 3C286 and 3C147 have been
observed as flux density calibrators, while no phase calibrator
has been observed in this project.
As a first step, the data were Hanning smoothed. We applied the
pre-determined antenna position offset and elevation-dependent
gain tables. The flux density scale was set according to the
Perley-Butler 2013 scale. We determined amplitude and phase
solutions for the flux calibrators in the 10 central channels of
each spectral window in order to remove possible time varia-
tions during the calibrator observation. These solutions were pre-
applied to find the delay terms (gaintype=’K’) and to correct
for the bandpass response. We obtained the complex gain solu-
tions for the calibrator sources (also of the phase calibrator, if
present) on the full bandwidth pre-applying the bandpass and
delay solutions. Finally, we applied all the calibration tables to
the target field. Automatic RFI flagging was applied to the tar-
get field using the CASA task flagdata (mode=tfcrop). To
reduce the size of the dataset, we averaged the 48 central chan-
nels of each spectral window to 6 channels and we averaged in
time with a time bin of 15 sec.
We ran several rounds of phase-only self calibration on the tar-
get field and a final amplitude and phase self calibration. Manual
flagging of additional data was applied by visually inspecting the
solutions of the self calibration. The wprojection algorithm was
used to take into account the non coplanar nature of the array.
Wide band imaging is crucial when dealing with the 1 GHz band-
width of the JVLA, therefore we used at least 2 (sometimes 3)
Taylor terms (nterms=2-3) to take the frequency dependence of
the brightness distribution into consideration. The imaging pro-
cess involves the use of clean masks that have been made with
the PyBDSM package (Mohan & Rafferty 2015). For the self cali-
bration we used the “Briggs” weighting scheme with robust=0
and we made final “full resolution” images, whose properties
are listed in Table 2. Images have been corrected for the primary
beam attenuation. The absolute flux scale uncertainties (σc in
Eq. 2) is assumed to be within 2.5% (Perley & Butler 2013).
After a separate calibration and self-calibration, the B and
D array observations were combined together. Unfortunately the
pointings did not coincide exactly and this severely affected the
quality of the combined image, especially around bright sources
away from the phase center. In fact, the primary beam response
at the position of those sources is different and this leads to con-
siderable differences in their apparent fluxes between the two
observations. To overcome this problem, we subtracted those
sources from the uv-data and then we combined the datasets.
In particular, we performed the subtraction of those sources sep-
arately for each spectral window. This is particularly important
for sources that are close to the border of the primary beam be-
cause the size of the primary beam depends on the frequency,
hence the flux density of those sources is considerably different
in different spectral windows. The combined B+D array images
have a “full resolution” of ∼ 6′′.
3. A1451
A1451 (alternative names: RXC J1203.2-2131, PSZ1
G288.26+39.94) is a massive (M500 = 7.32 × 1014M,
Planck Collaboration et al. 2014) and hot (13.4 keV, Valtchanov
et al. 2002) galaxy cluster at redshift z = 0.199. The MCXC
catalogue reports an X-ray luminosity in the [0.1 − 2.4] keV
band L500 = 6.61 × 1044L (Piffaretti et al. 2011).
Although the X-ray emission of A1451 (Fig. 1 and Fig. 3) is
fairly regular, several pieces of evidence support the idea of on-
going merging activity for this cluster. Indeed, the high temper-
ature and velocity dispersion are significantly in excess with re-
spect to the estimates derived from weak lensing data (Cypriano
et al. 2004). Moreover, both the X-ray morphology and the mass
distribution derived using the distortions of the faint background
galaxies (Cypriano et al. 2004) are elongated in the North-South
direction. No radio diffuse emission has been detected in A1451
with ATCA 1.4 GHz observations (Valtchanov et al. 2002). On
the other hand, hints of diffuse emission have been detected by
Cuciti et al. (2015) in their re-analysis of the NVSS uv-dataset
(Condon et al. 1998).
Here we present the discovery of a faint radio halo at the
center of the cluster A1451 and a possible radio relic using a
deep GMRT observation at 320 MHz and JVLA observations at
1.5 GHz. These sources are discussed in detail below.
3.1. Radio halo
A number of discrete radio sources are visible on the cluster area
in the GMRT 320 MHz full resolution image (labelled A to D in
Fig. 1). In particular, there is a radio galaxy at the center of the
cluster (source A), with a total flux density of ∼ 80 mJy at 320
MHz and ∼ 17 mJy at 1.5 GHz. The JVLA B array image (Fig.
1, right panel) shows that the brighter part of this source is fol-
lowed by a short, low surface brightness tail that makes its sub-
traction from the uv-data difficult. In addition to the individual
sources, some positive residuals are visible in the full resolution
GMRT 320 MHz image (green contours in Fig. 1, left panel).
The low resolution image (black contours in Fig. 1, left panel)
clearly shows the presence of extended emission, that we clas-
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Table 2. Radio observations
Name Observation Date Flux cal Phase cal beam rms noise
(′′×′′) (µJy/b)
Abell 1451 GMRT 320MHzd 23 May 2015 3C286 1130-148 11.6 × 8.1 95
JVLA L-band DnC arrayb 07 Jan 2016 3C286 1130-148 44.4 × 17.1 60
JVLA L-band BnA arrayc 18 May 2015 3C147, 3C286 – 4.7 × 3.3 25
ZwCl 0634.1+4750 GMRT 320MHza 19 Dec 2015 3C147 3C147 9.7 × 7.3 85
JVLA L-band D arrayb 19 Oct 2015 3C147 J0713+4349 35.7 × 30.7 45
JVLA L-band B arrayc 22 Feb 2015 3C147, 3C286 – 3.5 × 3.3 26
Notes. a) obs No 8266 (project code 28_066), b) project code 15B-035, c) project code 15A-270, d) obs No 7798 (project code 28_066) .
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Fig. 1. Left: A1451 GMRT 320 MHz full (green) and low (black) resolution contours superimposed on the X-ray XMM-Newton image. Low
resolution contour levels (black) are (2, 3, 4, 8, 16, 32...) × σ with rms noise σ = 0.3 mJy/beam and beam=39.4′′ × 27.9′′. Full resolution contours
start at 0.3 mJy/beam and are spaced by a factor 2. The full resolution beam is 11.6′′ × 8.1′′ The first negative contours are dashed. Right: JVLA B
array contours (red) of the central part of the cluster superimposed on the optical SDSS image. Sources are labelled A to D as in Fig. 3. Contours
start at 0.08 mJy/ beam and are spaced by a factor 2. The beam is 4.7′′ × 3.3′′. The first negative contour is shown with a cyan dashed line.
sify as a radio halo. The radio halo has a largest angular size
(LAS) of ∼ 4 arcmin in the N-S direction, corresponding to a
projected largest linear size (LLS) of ∼750 kpc. It is mainly ex-
tended toward the Southern part of the cluster. There are hints
of diffuse emission also in the Northern part, both in the GMRT
and JVLA images (Fig.2), but their surface brightness is below
twice the rms noise level of the images. We measured the flux
density of the radio halo on the low resolution image (Fig. 1,
left panel), then we subtracted the flux density of the central ra-
dio galaxy and of the three point-like sources. Specifically, we
measured the flux density of the point-like sources on the full
resolution (∼ 10′′) image, while we measured the flux density of
source A on the low resolution image, to take into account also
its extended emission. We obtained a flux density for the radio
halo of S 320MHz ∼ 22 mJy. It is likely that subtracting source A
we are also subtracting part of the radio halo flux density. We
measured the mean surface brightness of the central part of the
radio halo (around source A) and we estimated that in the area of
source A there are ∼5 mJy of radio halo flux density, leading to
a total flux density of the radio halo S 320MHz = 27.3 ± 2.3 mJy.
An equivalent procedure has been applied to measure the
flux density of the radio halo at 1.5 GHz, i.e. we measured
the radio flux density on the whole region of the halo from
the D array image (Fig. 2, resolution∼ 40′′) and we subtracted
the flux density of the central source, measured on the same
map, and of the three point-like sources, taken from the B ar-
ray image (resolution∼ 4′′). The flux density of the radio halo
is S 1.5GHz = 5.0 ± 0.5 mJy, which corresponds to a radio power
P1.4GHz = 6.4 ± 0.7 × 1023 W/Hz, assuming a spectral index
α = −1.2 for the k-correction. These values take into account
the portion of the radio halo covered by source A.
To evaluate the spectrum of the halo between 320 and 1500
MHz (B+D array JVLA combined observations) we produced
images with uniform weighting, using the common uv-range and
tapering down to the same resolution (∼ 20′′) and we measured
the flux density of the radio halo exactly on the same region. We
performed the imaging with two approaches: i) cleaning only
inside the mask containing all the sources in the field until the
residuals are ∼two times the rms noise of the image or ii) after
that, cleaning also on the rest of the field down to two times the
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Fig. 3. A1451 GMRT 320 MHz image (red) superimposed on the X-ray
XMM-Newton image (blue).
rms noise. Depending on how we cleaned the images and on the
region where we measure the flux density of the radio halo we
found values for the spectral index in the range −1.3 . α . −1.1.
In particular, we found the steepest spectral indices in case (ii).
We note that a higher cleaning threshold does not yield different
results, indeed, if we clean until the residuals are ∼3 times the
rms noise of the images, we obtain no significant difference in
the flux density of the radio halo at both frequencies and in both
cases (i) and (ii).
3.2. A distant relic?
We detected an elongated diffuse source located ∼ 15 arcmin
North of the galaxy cluster center (Fig. 3), both at 320 MHz and
in the JVLA D array 1.5 GHz image (Fig. 4). Based on its mor-
phology and location we classify it as a candidate radio relic. A
zoom on the candidate relic, superimposed on the optical SAO-
SDSS image, is shown in Fig. 4. If assumed to be at the redshift
of the cluster, this source is ∼ 3 Mpc away from the cluster cen-
ter. Its LAS in the E-W direction is ∼ 6.5 arcmin, which would
correspond to a LLS∼ 1.3 Mpc. A point-like radio source with
a clear optical counterpart (labelled S in Fig. 4) is embedded in
the diffuse emission. With the same procedure used for the radio
halo, we measured the flux density of the point-like source from
high resolution images and we subtracted it from the flux density
measured on the candidate relic area, obtaining a flux density of
35.5 ± 5.3 mJy at 320 MHz and 9.0 ± 0.5 mJy at 1.5 GHz.
To evaluate the spectral index of the candidate radio relic be-
tween 320 MHz and 1.5 GHz (D array observation), we used
uniform weighting, the common uv-range and we convolved the
images to the same resolution (50′′). The integrated spectral in-
dex of this source is α = −1.1 ± 0.1. The resolution of these ob-
servations does not allow a reliable analysis of a possible spectral
index gradient along the N-S axis. Conversely, the data allow us
to conclude that there is no evidence of a spectral index gradient
along the E-W axis, as expected in case of an active source in S
refurbishing the extended emission. The radio power of the can-
didate relic at 1.4 GHz is P1.4GHz = 1.13 ± 0.06 × 1024 W/Hz,
assuming a spectral index α = −1.1 for the k-correction.
4. Zwcl0634.1+4747
Little is known in the literature about Zwcl0634.1+4747 (al-
ternative names: PSZ1 G167.64+17.63, CIZA J0638.1+4747,
RX J0638.1+4747). It is at redshift z = 0.174 and the MCXC
catalogue reports an X-ray luminosity in the [0.1 − 2.4] keV
band L500 = 4.72 × 1044L (Piffaretti et al. 2011). The mass
within R500 estimated by Planck Collaboration et al. (2014) is
M500 = 6.52 × 1014M. X-ray Chandra archival observation of
Z0634 has been analysed in Cuciti et al. (2015) where evidence
of a non relaxed dynamical state has been found. Indeed the
Chandra image (Fig. 5, left panel) shows the presence of sub-
structures in the X-ray surface brightness distribution and the
morphology of the cluster is elongated in the East-West direc-
tion.
The JVLA D array image of Z0634 is shown in Fig. 5 (left
panel). The cluster hosts diffuse, centrally located radio emis-
sion, that we classify as a radio halo. Two head-tail radio galax-
ies are present in the cluster field, one located North of the radio
halo (labelled HT in Fig. 5) and one located at the S-E edge of the
cluster (source C in Fig. 5). While source C has the typical mor-
phology and spectral properties of many head tail radio galaxies
found in clusters (e.g. O’Dea & Owen 1986; Giacintucci & Ven-
turi 2009; Owen et al. 2014), the radio galaxy named HT has
some unusual characteristics. The radio halo and the HT will be
described in the following subsections.
4.1. Radio halo
The radio halo in Z0634 extends over ∼ 600 kpc in the E-W di-
rection and follows the morphology of the X-ray emission of the
cluster (Fig. 5, left panel). The two head-tail radio galaxies, HT
and C, are difficult to subtract from the uv-data, thus we mea-
sured the radio halo flux density on an area that avoids these
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Fig. 4. GMRT 320 MHz (left) and JVLA D array 1.5 GHz (right) contours of the relic in A1451 superimposed on the optical SAO-DSS image.
Left: radio contours starts at 0.6 mJy/beam and are spaced by a factor 2. The first negative contour is shown with a cyan dashed line. The rms noise
of the radio image is ∼ 0.2 mJy/beam with a beam of 23.3′′ × 18.0′′. Right: radio contours starts at 0.18 mJy/beam and are spaced by a factor 2.
The first negative contour is shown with a cyan dashed line. The rms noise of the radio image is ∼ 60µJy/beam with a beam of 44.4′′ × 17.1′′.
two sources. Still, there are three sources (labelled A, B and D in
Fig. 5) embedded in the radio halo emission. The high resolution
(∼ 3′′) JVLA B array image (Fig. 5, right panel) reveals that they
are point-like sources, so their flux density, measured from the
B array image (∼ 1.4 mJy in total), can be safely subtracted out
from the measure on the radio halo region. We obtained a flux
density of the radio halo S 1.5GHz = 3.3 ± 0.2 mJy, corresponding
to a radio power P1.4GHz = 3.1 ± 0.2 × 1023 W/Hz, assuming a
spectral index α = −1.2 for the k-correction.
The flux density of the radio halo at 320 MHz, after the
subtraction of the point sources mentioned above, is S 320MHz =
20.3 ± 2.7 mJy. We note that in the low resolution GMRT 320
MHz image (Fig. 6) the radio halo does not extend to the HT and
source C, thus we can reasonably exclude that we have lost a sub-
stantial part of the radio halo emission by avoiding those regions
in the measurement of the radio halo flux density. To evaluate
the spectral index of the radio halo, we produced images at 320
and 1500 MHz (B+D array JVLA observations) with uniform
weighting and using the same uv-range and resolution (∼ 20′′)
and we measured the flux density of the radio halo on the same
area. As done for A1451, we performed the imaging with two
approaches: i) cleaning only inside the mask that contains all the
sources in the field or ii) after that, cleaning also on the rest of the
field down to two times the rms noise. We found that the spec-
tral index of the radio halo ranges from –1 to –1.3, depending on
where we measure the flux densities and how we clean the im-
ages (α is steeper in case (ii)). We obtained similar results setting
the threshold at 3 times the rms noise in the cleaning process.
4.2. Head tail
The “head” of the head tail radio galaxy is located ∼ 110′′ NNE
from the cluster X-ray centroid (i.e. at a projected distance of
∼ 330 kpc). This bright nucleus is followed by a lower surface
brightness tail that extends in the SE-NW direction (Fig.5). Con-
sidering the 3σ contours of the GMRT 320 MHz image (shown
in Fig. 8), the angular extension of the HT is ∼ 3.5 arcmin, corre-
sponding to ∼ 600 kpc at the cluster redshift (Fig.7, left panel).
Its linear extension decreases to ∼ 400 kpc at 1.5 GHz (Fig.7,
right panel), measured from the 3σ contours of the B+D array
image. The total flux density of the HT at 320 MHz is 42.5± 4.3
mJy, while it is 8.9 ± 0.3 mJy at 1.5 GHz. The radio surface
brightness does not decrease regularly along the tail. There is a
spot of higher surface brightness, roughly at half length, visible
at both frequencies. After this spot, on the Western side, the tail
is brighter than before the spot (Fig.7).
To make the spectral index map of the HT we used the spec-
tral windows 6 and 7 of the JVLA B+D dataset and we produced
JVLA and GMRT images with uniform weighting and common
uv-range and we convolved them to the same resolution (15′′).
We blanked those pixels that in the GMRT 320 MHz image have
values below two times the rms noise (∼ 0.25 mJy/beam), in or-
der to take into account the extension of the tail at low frequency
as much as possible. However, given the poor SNR and the large
errors associated with the spectral index (Fig. 8), in the analysis
in Sect. 5.4, we will not consider the westernmost part of the tail.
As shown in Fig. 8, we found that the spectral index between 320
MHz and 1.5 GHz steepens with the distance from the nucleus,
from α ∼ −0.6 to α ∼ −2.5. We also note that the bright spot is
steeper that the Eastern (initial) part of the tail.
5. Discussion
5.1. Testing the reliability of the spectral indices of the radio
halos
Compared to the current radio power–mass scaling relations
(Cassano et al. 2013; Martinez Aviles et al. 2016), the radio
halos in A1451 and Z0634 are underluminous, being ∼ 6 − 7
times below the correlation (Fig. 9). Since these radio halos are
very faint, a reliable characterization of their morphology and
spectrum is challenging with the current observations. Here we
investigate the possibility that the measure of these spectral in-
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Fig. 5. Left: Z0634 JVLA D array 1.5 GHz contours (white) superimposed on the X-ray Chandra image. Radio contours starts at 0.12 mJy/beam
and are spaced by a factor 2. The rms noise of the radio image is ∼ 45µJy/beam with a beam of 35.7′′ × 30.7′′. Right: JVLA B array contours (red)
superimposed on the optical SDSS image. Contours starts at 0.09 mJy/beam and are spaced by a factor 2. The beam is 3.5′′ × 3.3′′.
Table 3. Properties of the extended sources
Name Detection S 320MHz S 1.5GHz P1.4GHz Integrated α LAS
(mJy) (mJy) (1023 W/Hz) (′)
A1451 RH 27.3 ± 2.3 5.0 ± 0.6 6.4 ± 0.7 > −1.3
∗ 4.2
RR 35.5 ± 5.3 9.0 ± 0.5 11.3 ± 0.6 −1.1 ± 0.1 6.5
Z0634 RH 20.3 ± 2.7 3.3 ± 0.2 3.1 ± 0.2 > −1.3
∗∗ 3.3
HT 42.5 ± 4.3 8.9 ± 0.3 8.5 ± 0.3 −1.25 ± 0.08 3.5
Notes. Col. 1: cluster name; Col. 2: detected source; Col. 3: flux density at 320 MHz; Col. 4: flux density at 1.5 GHz; Col. 5 radio power at 1.4
GHz; Col. 5: integrated spectral index between 320 MHz and 1.5 GHz. * See Sect. 3.1 and 5.1. ** See Sect. 3.1 and 5.1.
dices is biased because of the different capability of our GMRT
and JVLA observations to properly recover such extended faint
radio emission. For this purpose, we used the method of injecting
fake radio halos in the datasets. This technique has been used in
the literature to place upper limits to the diffuse radio flux den-
sity of clusters in which a radio halo is not detected (Brunetti
et al. 2007; Venturi et al. 2008; Russell et al. 2011; Kale et al.
2013, 2015). In fact, an important outcome of those studies is
that the flux of the fake radio halos is at least partly lost and this
effect becomes more important for faint flux densities (e.g. Ven-
turi et al. 2008). Therefore this warns that part of the flux of the
radio halos in A1451 and Z0634 may not be properly recovered
by our GMRT and JVLA observations.
We modelled the radio halo brightness profile with an expo-
nential law in the form:
I(r) = I0e−
r
re (2)
where I0 is the central surface brightness and re is the e-folding
radius (Orrú et al. 2007; Murgia et al. 2009). From the radio
power–radio halo radius correlation (equation 6 in Cassano et al.
2007) we calculated the reference radii of the radio halos, rh, as-
suming that they follow the radio power–mass correlation (equa-
tion 14 in Cassano et al. 2013). At first, we used re = rh/2.6,
where 2.6 is the median value of the quantity rh/re for the ra-
dio halos studied by both Murgia et al. (2009) and Cassano et al.
(2007), then we slightly change the value of re in the injected ha-
los to reproduce the extension of the halos observed at the cluster
center. In the injected models, the radio halo profile was set to
zero for r > 5re.
For each cluster, we choose a region in the image void of
bright sources and clear noise pattern and we created a set of
fake radio halos with different integrated flux densities, centred
on that region. We started injecting a fake radio halo that would
lie on the radio power–mass correlation (Cassano et al. 2013)
and we reduced the injected flux density until the recovered flux
of the fake radio halo was similar to that of the radio halo that we
observe at the cluster center. Each model has been Fourier trans-
formed into the MODEL_DATA column of the dataset includ-
ing the wprojection algorithm to take into account the large field
of view. We added the fake radio halo to the original visibilities
and we imaged the modified dataset. We measured the recovered
flux density of the fake radio halo and we compared it with the
injected flux. Since the main aim of these injections is to check
the reliability of the measured spectral indices of the two radio
halos presented here, the images have been done minimising the
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Fig. 6. GMRT 330 MHz colour image and contours of Z0634. The con-
tour levels are (2, 3, 4, 8, 16, 32...) × σrms with σrms = 0.25 mJy/beam.
The resolution is 30.5′′ × 23.0′′. The first negative contour is dashed.
differences between the two datasets as much as possible. In par-
ticular, we used the common uv-range and we tapered down to
the same resolution (∼ 20′′), as done in Sect. 3.1 and 4.1. We
also used uniform weighting to minimize the difference in the
uv-sampling. We performed the imaging with two approaches:
(i) cleaning only inside the mask containing all the sources or
(ii) cleaning deeply also on the rest of the field. In general, we
found that the rms noise of the final image improves in case ii),
but the recovered flux of the injected radio halos is significantly
lower (from 10 to 40%) than in case i), such effect being more
prominent for faint injected flux densities.
An important outcome of this analysis is that, for both clus-
ters, if we inject the flux density of a radio halo that lies on the
radio luminosity-mass correlation, both interferometers are able
to recover the great majority of its flux density. However, reduc-
ing the injected flux, in order to match the observed one, the
fraction that is recovered decreases. The decline of the recov-
ered flux depends on a combination of sensitivity of the obser-
vations, density of the inner uv coverage and image fidelity of
the dataset (Venturi et al. 2008; Kale et al. 2013, 2015). More
specifically, we found that our GMRT observations generally re-
cover an higher fraction of the flux density of faint injected radio
halos, assuming a spectral index α ≤ −1.2. This different per-
formance can be explained by the different inner uv-coverage.
Indeed, the full-track GMRT observation ensures a denser uv-
sampling with respect to the snapshot JVLA observation (Fig.
10). For both A1451 and Z0634, in order to recover in the fake
halo the same flux density that we find in the halo at the cluster
center at both frequencies, we need to inject a radio halo with a
spectral index α ≈ −1. Unfortunately, a fully reliable estimate
of the spectral index of these radio halos is prevented by the fact
that the flux density of such faint diffuse emission can change
significantly depending on where we measure it and how we
perform the imaging (see 3.1 and 4.1). Nevertheless, the anal-
ysis based on the injections allows us to exclude the presence of
radio halos with spectra significantly steeper than α ≈ −1.3 in
A1451 and Z0634.
The results of the injections suggest that, even in the worst
case, the flux of the radio halos can be underestimated at most
of a factor of 1.8 (A1451) and 2.2 (Z0634) at 1.5 GHz, meaning
that both the radio halos would be still 4 − 5 times below the
P1.4GHz − M500 correlation. We also note that at these flux lev-
els, the morphology of the injected halos that is recovered from
the maps may differ from that of the injected models. For this
reason it is impossible to firmly establish weather the halo in
A1451 extends only in the Southern region or if there is some
emission extending also in the Northern part. Finally, the injec-
tion procedure allows us to estimate the size of halos: we found
that injected halo models with re ∼ 140 kpc and re ∼ 130 kpc
(eq.2) match the observed extension of the radio halos in A1451
and Z0634 when the recovered fluxes match the observed ones.
5.2. Comparison with the current P1.4GHz − M500 correlation
for radio halos
Using statistical samples of 30-40 galaxy clusters it has been
shown that their radio properties on the Mpc scale have a bi-
modal distribution: either they host giant radio halos following
the correlation between the cluster mass (or X-ray luminosity)
and the radio luminosity, or they do not show diffuse radio emis-
sion at the sensitivity level of current observations (e.g. Cas-
sano et al. 2013). This bimodality is connected to the dynami-
cal state of clusters, with radio halo clusters undergoing merg-
ing events and non radio halo clusters being generally relaxed.
Since its discovery, it was proposed that a bimodal segregation
results from the fact that the period of time that clusters spend
in the region between the limits and the correlation is smaller
than the time they spend on the correlation or in a much fainter
state (e.g. Brunetti et al. 2009; Donnert et al. 2013). In general,
this implies that the increase of the statistics would lead to the
discovery of an increasing number of underluminous radio ha-
los, sitting in the region between the correlation and the upper
limits, which essentially sets the sensitivity of current observa-
tions. For illustration, we show in Fig. 9 the position of A1451
and Z0634 compared to the 95% confidence level region filled
by giant radio halos in Cassano et al. (2013). In order to de-
tect underluminous radio halos, very deep observations of large
samples of galaxy clusters are needed. Our sample of 75 clusters
with M500 & 6 × 1014M and z = 0.08 − 0.33 (Sect. 1) allows a
unique statistical assessment of the distribution of clusters in the
radio power-mass diagram and of the occurrence of radio halos
in clusters. Here we anticipate that 30 radio halos are found in
this sample, 7 of them sit in the region between the current radio-
mass correlations and the upper limits (Cuciti et al. in prep.). Al-
though these underluminous halos are statistically subdominant,
their presence confirms that the increase of the statistics allows
to populate the region below the correlation in the radio-mass
diagram, which also leads to an apparent increase of the scatter
of such correlation toward lower luminosities. In fact there are
reasons to expect a fairly large scatter in the scaling relation be-
tween the radio halo power and the cluster masses, due to the
superposition of different intermediate radio halo states that are
generated by the complex hierarchy of merger events.
One possibility proposed in the literature for underluminous
radio halos is that they may have ultra steep spectra, result-
ing from less energetic merger events (smaller masses or mi-
nor mergers in massive systems) or in the case of higher redshift
clusters, where inverse Compton losses become severe compared
to synchrotron losses (Cassano et al. 2006; Brunetti et al. 2008).
Radio halos in the very early or very late stages of their life-
time are also expected to be underluminous and have particu-
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Fig. 7. GMRT 320 MHz (left) and JVLA B+D array 1.5 GHz (right) colour images. Both are convolved with a 15′′ ×15′′ beam. The green regions
mark the areas where we calculated the spectral index to trace its evolution along the tail.
Fig. 8. Spectral index map (left) and associated spectral index error map (right) of the HT in Z0634 between 320 MHz and 1.5 GHz at resolution
15′′ × 15′′. GMRT 320 MHZ contours of the image used to make the spectral index map are drawn in black. Contours levels start from 0.42
mJy/beam and are spaced by a factor 2.
larly steep spectra (Donnert et al. 2013). Regarding A1451 and
Z0634, these scenarios are disfavoured by the evidence that they
do not host radio halos with very steep spectra (Sect. 5.1).
For the two underluminous radio halos presented in this pa-
per we propose two possibilities. They could be small radio ha-
los, originated in minor mergers where the bulk of turbulence
is generated and dissipated in small volumes. The fact that the
X-ray morphology of these two clusters is not extremely dis-
turbed may suggest that they are undergoing minor mergers. In
this case, the bulk of turbulence may be generated and dissipated
in small volumes resulting in relatively flat radio spectra, despite
the relatively low energy involved in the mergers events. Alter-
natively, they could be “off-state” halos where the emission is
primarily maintained by the continuous injection of secondary
electrons of hadronic interactions in the ICM. Possible detec-
tions of “off-state” radio halos have been reported in the litera-
ture (e.g. Brown et al. 2011; Bonafede et al. 2014). The relatively
flat spectra and the small sizes of these two newly discovered ra-
dio halos would be in line with both these scenarios.
5.3. The candidate radio relic
The elongated and arc-like morphology of the source detected
North of A1451 (Fig. 4), together with its spectral index (α ≈
−1.1, see Sect 3.2) suggest that it could be a radio relic. With a
radio power of P1.4GHz = 1.13 ± 0.06 × 1024 W/Hz (Sect. 3.2),
this source would follow the radio-luminosity–mass correlation
found by de Gasperin et al. (2014) for radio relics. However, if
this source is at the cluster redshift, its projected distance from
the cluster center is ∼ 3 Mpc, which would make it the most
distant relic from the cluster center ever detected (Vazza et al.
2012; de Gasperin et al. 2014). The virial radius of A1451 is
Rv ∼ 2.5 Mpc 1, moreover weak lensing studies show that its
mass distribution is elongated in the N-S direction (see Fig. 3
in Cypriano et al. 2004), thus supporting the idea that we would
be observing a radio relic located in the cluster very-external re-
gions. The candidate radio relic in A1451 might be associated to
an external shock, rather than a merger shock. Accretion/external
1 To derive the virial radius, Rv, we converted M500 to Mvir, by assum-
ing an NFW profile (e.g. Navarro et al. 1997) for the dark matter halos
and the concentration-mass relation in Duffy et al. (2008).
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Z0634
A1451
Fig. 9. Distribution of clusters in the P1.4GHz − M500 diagram. Different
symbols indicate giant radio halos (black filled dots), ultra steep spec-
trum radio halos (black empty dots) and upper limits (black arrows)
belonging to the Cassano et al. 2013 sample. The red dots represent the
two clusters presented in this paper. The best fit relation for giant radio
halos (black line) and the 95% confidence level (shadowed region) from
Cassano et al. (2013) are shown.
shocks are the result of the continuous accretion of matter at sev-
eral Mpc of distance from the cluster center. They are typically
much stronger than merger shocks, since they develop in cold re-
gions where the medium is much cooler than in clusters. On the
other hand, they propagate through regions with extremely low
gas densities. The energy flux dissipated at these shocks (both
into heating of the ICM and CR acceleration) is much smaller
than that of merger shocks that are generally faster and propa-
gate into denser ICM (Ryu et al. 2003; Vazza et al. 2009). This
makes external shocks very difficult to detect, unless they en-
counter and re-accelerate some clouds of relativistic plasma dur-
ing their propagation. For instance, the candidate relic in A1451
could be originated by an external shock that propagates through
the lobes of a dead radio galaxy (Enßlin & Gopal-Krishna 2001).
Source S (Fig. 4) might be responsible for the presence of such
ghost plasma. Unfortunately no spectroscopic redshift is avail-
able for this source. The 2 MASS catalogue (Skrutskie et al.
2006) reports a Ks magnitude of 15.03. Using the Ks − z rela-
tion by Willott et al. (2003) we estimated that the redshift of
source S is z = 0.3 ± 0.1, which does not exclude the possibility
that it is close to the cluster redshift. We note that this scenario is
in agreement with the fact that the candidate relic is well below
the LLS–cluster center distance correlation by de Gasperin et al.
(2014). Such correlation has been found for double radio relics,
associated to merger driven shocks. In case of shocks crossing
a pre-existing cloud of relativistic plasma, the size of the relic
is determined by the size of that cloud which, in general, is ex-
pected to extend much less than the surface crossed by external
shocks. Clearly, another possibility is that this source is a back-
ground giant radio galaxy, although the lack of a significant spec-
tral gradient along the E-W direction disfavours this hypothesis.
Future studies on the polarization properties of this object
will be crucial to establish its nature.
5.4. Head tail
The head tail radio galaxy in Z0634 shows very interesting prop-
erties. The spectral index of the tail between 320 and 1500 MHz
shows a continuous steepening from ∼ −0.65 to ∼ −2.4. In or-
der to understand if such a steepening is consistent with pure
radiative ageing of the electrons, we attempt to extract both the
spectral index and the surface brightness with distance. We se-
lected six circular regions along the tail and a final rectangular
one (Fig.7). The size of the circular regions is ∼ 1.5 times the
beam area. We selected a rectangular larger area on the last por-
tion of the tail, that is only marginally visible at 1.5 GHz, to have
a better signal to noise ratio. We did not consider the very last
part of the tail (West of C in Fig. 7, left) because it is only visible
at 320 MHz with a poor signal to noise ratio.
The radio surface brightness and the spectral index show a
peculiar evolution along the tail (Fig. 12). In the first part of the
tail (A→B) they progressively decline as expected due to radia-
tive losses of a population of relativistic electrons that have been
accelerated in the head of the radio galaxy (in A). In the presence
of synchrotron and IC losses only, the (emitted) break frequency
is:
νb(GHz) = 2.6
τ(Gyr)−2B(µG)
(B(µG)2 + BCMB(µG)2)2
∝
∝ (η sin θOσv)
2
B3CMB
ψ
(ψ
2
3 + 1)
2
d−2⊥ (3)
where τ is the radiative age of the electrons, BCMB is the equiva-
lent magnetic field of the CMB, σv is the velocity dispersion of
the cluster (σv ∼ 1400 km/s) and η sin θOσv is the (projected) ve-
locity of the head. We note that η sin θO combines two unknowns:
the velocity of the HT and the inclination of its orbit. In Eq. 3,
we have introduced the quantity B = ψBcmb/
√
3. ψ parametrises
the magnetic field of the tail. For ψ = 1 the electron emitting at
the observing frequencies in a magnetic field B are in the situ-
ation of minimum radiative losses and consequently maximum
lifetime. In the simplest interpretation, the fact that the break fre-
quency scales with d−2 between A and B (Fig. 11) is suggestive
that adiabatic losses and strong variations of B do not play an
important role at this stage, otherwise a faster increase of ν1/νb
should be observed. More quantitatively, assuming ψ = 1 and
η sin θ0 = 1, in Fig. 12 we show the measured spectral index and
brightness as a function of projected distance. Also in this case,
a simple scenario of pure radiative losses in the region A–B can
explain the data. We note that there is degeneracy in the param-
eters: from Eq. 3, one finds that the same match can be obtained
with different choices of the parameters η, ψ, i.e. B, and θO under
the condition η2 sin2 θO
ψ
(ψ2/3+1)2 = 9/16.
In B (Fig. 7) the surface brightness is boosted up by a factor
of 3.5-4, while the spectral index stops declining and remains
almost constant for ∼ 100 kpc, corresponding to ∼ 60 Myr (if
we consider η sin θO = 1) 2. Then, from B to the end of the tail
(C), both the surface brightness and the spectral index of the tail
restart decreasing and steepening, respectively. The possibility
that we are seeing two HT chasing each other is excluded by
the B array image (Fig. 5, right panel), where the bright spot
is resolved and appears as part of the diffuse emission of the
tail. Moreover, the spectral index in B is very steep and incon-
sistent with that of synchrotron radiation from a young plasma.
On the other hand, the properties of the tail suggest that around
2 We point out that these values are just indicative, since they depend
on the sampling adopted in Fig. 7
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Fig. 10. Inner uv-coverage of the GMRT 320 MHz observation (left) and of the JVLA D array observation (right) of Z0634.
A
B
C
Fig. 11. ν320MHz/νb vs. distance from the “head” of the HT galaxy. The
line represents νb ∝ d−2. For display purposes the curve is normalised
to the third data point.
the region B the electrons in the tail are currently experiencing
re-energization and possibly that the magnetic field in the tail is
also amplified.
The most natural mechanism that may explain these proper-
ties in the ICM is the interaction between a shock and the radio
tail (e.g. Pfrommer & Jones 2011). A schematic view is illus-
trated in Fig. 13. The HT galaxy is travelling outward from the
cluster center with an angle θO to the line of sight. A shock front
impacts the tail first and gets to the point B where we are cur-
rently observing it. When the shock passes through the tail the
adiabatic compression re-energises a population of aged elec-
trons and increases the magnetic field. This re-energization leads
to an increase of the synchrotron brightness in B and affects the
observed spectral properties. In the downstream region (B→C)
the electrons have restarted to cool down, in the new magnetic
field, but the ageing time has to be computed since the shock
passage and it does not depend on the velocity of the tail any
longer. Of course, the dynamics of the HT–shock interaction can
be very complicated and would require ad hoc simulations that
are beyond the aims of this work. For example, the shock cross-
ing may change the inclination of the shocked portion of the tail,
implying that projection effect may play an important role. In
addition, after the shock passage, the tail may experience some
expansion together with the gas downstream, and adiabatic ex-
pansion may induce a strong spectral steepening in the tail at
later stages due to adiabatic losses and the decline of the mag-
netic field.
The system is complicated and unfortunately our observa-
tions cannot constrain all model parameters. Here we limit our-
selves to demonstrate that, in the case of a weak shock travel-
ling at large angle with respect to the plane of the sky, this sce-
nario has the potential to explain the observed properties of the
tail (see Appendix for the formalism). To do that, we assume
the simplest case where the shock is moving along the line-of-
sight and where ψ(t = 0) = 1 (i.e. electrons upstream in the
tail have minimum energy losses), η sin θO = 1 and the veloc-
ity dispersion of the cluster σv = 1400 km/s. We also assume
that particles are continuously injected in the core region of the
head tail at a rate that is constant with time (Appendix). Fig.
12 (left panel) shows that this situation matches the observed
spectrum upstream (A→B), with the degeneracy of the param-
eters upstream given by Eq. 3. The evolution of the magnetic
filed in the downstream region is given by Eq. A.5, consider-
ing B(t) = B(t0)C
2/3
t and the conversion from time to projected
distance is given by Eq. A.7. The evolution of particles down-
stream subject to adiabatic compression and (time-variable) ra-
diative losses is calculated in the Appendix. In Fig. 12 we show
the model results assuming M = 1.7 and θO = 60◦, thus the
velocity of the tail is v = σv/ sin 60◦ ≈ 1600 km/s 3. The two
curves assume Γ = 4/3 (relativistic plasma) and Γ = 5/3 (the
case where most of the energy of the plasma in the tail is con-
tributed by thermal gas). Given the number of model parameters
(Appendix) and the uncertainties on the dynamics of the inter-
action between the tail and the shock, a full extrapolation of the
model parameters is not meaningful at this stage. However, from
Fig. 12, we can conclude that the proposed scenario can natu-
rally explain the observations for reasonable choices of model
parameters (i.e. for a velocity of the tail that is of the order of the
cluster velocity dispersion), assuming a weak shock with Mach
number < 2, as most shocks detected in galaxy clusters. In this
respect, a simple estimate of the maximum Mach number can be
3 Note that for a given magnetic field ψ the normalization of the syn-
chrotron brightness depends on the normalization of the electron spec-
trum, Ke (Appendix), that is a free parameter
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obtained neglecting losses during the shock compression phase
(e.g. Markevitch et al. 2005, see also Appendix). For Γ = 5/3
(for Γ = 4/3 the limit is more stringent) and for a shock travel-
ling at large angle to the plane of the sky this is:
M ≤

3
4
(
Iu
Id
) 3
2δ − 1

1
2
(4)
which givesM ≤ 1.58 by assuming the observed brightness
jump Id/Iu ∼ 4 and a spectrum of the emitting electrons δ = 3.5;
the allowed Mach number is slightly larger when radiative losses
during compression are properly included (see Fig. 12) 4.
We also note that no shock is clearly visible at the position B
in the currently available X-ray image, suggesting that if a shock
is present it should be weak and/or moving in a direction that is
significantly inclined with respect to the plane of the sky.
6. Conclusions
In this paper we have presented deep GMRT 320 MHz obser-
vations and JVLA 1.5 GHz observations in B and D array of
the galaxy clusters A1451 and Z0634. We summarize our results
below:
• We discovered a radio halo at the center of A1451. The
radio halo has a LLS of ∼ 750 kpc (re ∼ 140 kpc based
on the injection of fake radio halos, Sect. 5.1) and a k-
corrected radio power at 1.4 GHz P1.4GHz = 6.4 ± 0.7 × 1023
W/Hz. We estimated that the spectral index of this radio halo
between 320 and 1500 MHz is in the range −1.3 < α < −1.1.
• We discovered that Z0634 hosts a radio halo. It has a LLS of
∼ 600 kpc (re ∼ 130 kpc based on the injection of fake radio
halos, Sect. 5.1) and a k-corrected radio power at 1.4 GHz
P1.4GHz = 3.1 ± 0.2 × 1023 W/Hz. Its spectral index between
320 and 1500 MHz is −1.3 < α < −0.95.
• Both the radio halos in A1451 and Z0634 are underluminous
with respect to the radio power–mass correlation found by
Cassano et al. (2013) and Martinez Aviles et al. (2016) (Fig.
9), similarly to other few clusters reported in the literature
(Venturi et al. 2007, 2013; Sommer et al. 2017; Bonafede
et al. 2015). That region of the P1.4GHz − M500 diagram is
usually occupied either by upper limits or by ultra steep
spectrum radio halos, however, A1451 and Z0634 do not
seem to host radio halos with steep spectra (Sect. 5.1). In
the framework of current theoretical models, they could be
small radio halos generated during minor mergers where
turbulence has been dissipated in smaller volumes, or
“off-state” radio halos originating from hadronic collisions
in the ICM.
• We detected an elongated diffuse source ∼ 15 arcmin North
of the center of A1451 that we classified as a candidate
radio relic. This source has a LAS of ∼ 6.5 arcmin and a k-
corrected radio power at 1.4 GHz P1.4GHz = 1.13±0.06×1024
4 We point out that given the observed spectrum and the Mach num-
bers used in our calculations, even in the case Γ = 5/3 (in this case
particles inside the HT will be shocked) the process of shock accelera-
tion is subdominant with respect to compression.
W/Hz. Its spectral index between 320 and 1500 MHz is
α = −1.1 ± 0.1. If this source is at the cluster redshift, its
projected distance from the cluster center is ∼ 3 Mpc, which
would be the largest distance ever measured for a relic (e.g.
Vazza et al. 2012; de Gasperin et al. 2014). We propose that
this relic could be the result of an accretion/external shock
propagating through some clouds of ghost plasma. The fact
that this source is well below the LLS-cluster center distance
correlation by de Gasperin et al. (2014) is in agreement with
the accretion shock scenario. Polarization information will
be fundamental to address the nature of this object.
• Z0634 hosts a head tail radio galaxy with intriguing char-
acteristics. The spectral index between 320 and 1500 MHz
steepens from the head to the tail (from α = −0.65 to
α = −2.4), however this steepening is not consistent with a
pure radiative ageing of electrons. Moreover, there is a spot
of high surface brightness along the tail and the second part
of the tail, after the spot, is brighter than the first part, before
the spot. We have shown that the interaction of the head tail
with a weak shock (M . 2) moving toward the outskirts of
the cluster can explain the observed properties.
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observer observer
shock plane
shock plane
Fig. 13. Cartoon of the interaction between the shock front and the HT. Before the interaction (left) the surface brightness of the HT progressively
declines from the head to the tail. The right panel represents the current situation: the shock has passed through the last part of the tail that appears
brighter because of the re-energization that electrons have undergone. The bright spot is where the tail is currently shocked. The shock passage
also caused the bending of the tail in the direction parallel to the shock itself.
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Appendix A:
The evolution of the electron spectrum in the tail assuming ra-
diative losses and compression (expansion) is (Kaiser et al. 1997;
Enßlin & Gopal-Krishna 2001):
∂N
∂t
=
∂
∂γ
{
N
[ 4σT
3mec
(B2
8pi
+
B2CMB
8pi
)
γ2 +
1
3
V˙
V
γ
]}
(A.1)
where the first term accounts for radiative (synchrotron and IC)
losses and the second term for adiabatic compression or expan-
sion.
If electrons have an initial energy distribution in the form
N(γ, 0) = keγ−δ (with γ between γmin and γmax such that γmin <<
γr << γmax, γr being the typical energy of the electrons emitting
at 330 and 1400 MHz) and if we define the compression fac-
tor with time Ct = V0/V(t), the magnetic field will evolve with
time according to B(t) = B(0)C2a/3t , where a = 1 in the case of
isotropic compression/expansion and the solution of Eq. A.1 is
:
N(γ, t) = KeC
δ+2
3
t γ
−δ
(
1 − γ
γ∗t
)δ−2
(A.2)
where
γ−1∗t =
σtB2CMB
6pimec
∫ t
0
dx
(
1 +
ψ2x
3
)(Cx
Ct
) 1
3
(A.3)
where we have introduced the quantity
ψt =
B0
BCMB/
√
3
C
2a
3
t (A.4)
ψt = 1 is the case where radiative losses of electrons emitting at
a given frequency in a given magnetic field are minimized.
Following Enßlin & Gopal-Krishna (2001), we assume 3
phases: (i) an initial phase where electrons simply age (t ≤ t1),
(ii) a phase where the shock compresses the tail (t1 ≤ t ≤ t2,
where t2 − t1 = Φ/(Mcs), Φ is the thickness of the tail, cs is the
sound speed andM is the Mach number), and (iii) a new phase
of cooling of the electrons after shock passage (t > t2). Under
this assumptions the compression factor is
Ct = 1 t ≤ t1
Ct = 1 + (Ct2 − 1)
t − t1
t2 − t1 t1 < t ≤ t2
Ct = Ct2 =
(Γ + 1)M2
(Γ − 1)M2 + 2 t > t2
(A.5)
Γ is the adiabatic index of the gas into the tail. The resulting
synchrotron emissivity is:
J(ν, t) =
e3
√
3
mec2
∫ pi
2
0
dθ(sin2 θ)B
∫
dγN(γ, t)x
∫ ∞
x
K5/3(z)dz
(A.6)
where x =
4pimecν
3eB sin θγ2
and K5/3(z) is the 5/3 modified Bessel
function.
Given the geometry in Fig. 13, the conversion from time to
projected distance is given by
d⊥ = ησv sin θOt t ≤ t2
d⊥ = cSM sin θO
cos
(
θSO + θO − pi2
) (t − t2) t > t2 (A.7)
where ησV is the velocity of the head of the tail. The synchrotron
brightness is:
I(ν, d⊥) =
1
2pi
∫
d⊥
J(ν, r(t))rdr√
r2 − d2⊥
(A.8)
where the integral is done along the tail intercepted by the line
of sight.
The model parameters are: the velocity of the HT (η), the
magnetic field (ψ), the normalization of the electron spectrum
(Ke), the geometry of the problem (θO, θSO) and the shock Mach
number (M). In comparing the model with the data, we focus on
key observables: the spatial behaviour of the synchrotron spec-
tral index and of the synchrotron brightness. A comparison with
these properties is given in Fig. 12 for reference model param-
eters. In particular, a key observable that constrains the shock
Mach number in the model is the observed jump of the syn-
chrotron brightness across the shock, i.e. by the ratio of the
downstream and upstream brightness, Id/Iu; Id and Iu are given
by Eq. A.8 evaluated at time = t2 and t1, respectively. An use-
ful upper limit to the expected brightness jump can be easily
derived by assuming that energy losses during the compression
phase can be neglected. In this case, if we assume a power-law
spectrum of electrons, N(γ) ∝ γ−δ, the ratio Id/Iu = C2δ/3+1t2 ld/lu
(e.g. Markevitch et al. 2005) where ld and lu are the downstream
and upstream thickness intercepted by the line of sight respec-
tively. For reference this gives Id/Iu = C
2δ/3+1
t2 and = C
2δ/3
t2 in
the situation of shock travelling at small and large angles to the
plane of the sky, respectively.
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